Introduction
Carbon-based supercapacitors offer a high power density and a long cycle life but they exhibit a lower energy density compared to batteries due to the electrostatic double-layer charge storage mechanism. 1 Replacement of activated carbons used in electrodes of commercial supercapacitors with graphene leads to an increase in capacitance, but it may not be sufficient to meet the ever increasing demand for energy. 2 To expand the applications of supercapacitors, especially in wearable and flexible devices with a limited space available, it is necessary to develop materials having a higher energy density compared to doublelayer capacitors.
To address these issues, pseudocapacitive materials such as metal oxides or electrochemically active organic materials are considered because they offer additional charge storage capacity via surface redox processes. [3] [4] [5] Electrochemically active organic molecules, which are economical, scalable, and environmentally benign, are an attractive option to meet the energy storage demands for everything from portable electronics to electrical grids. 4, 6, 7 If their conductivity and cycle life could be improved, they would offer a sustainable option for commercial applications. One way to improve the conductivity and cyclability of organic materials is to integrate them with conductive nanomaterials. The design of nanostructures with atomic precision can provide a solution to improving the performance of supercapacitor electrodes. 8 Carbons are widely used as conductive supports for pseudocapacitive materials. 8 In particular, graphene offers a high electronic conductivity, large surface area, high mechanical strength and a relative ease of surface functionalization. 9 Graphene sheets can be synthesized by mechanical exfoliation, chemical vapor deposition, liquid-phase exfoliation, reduction of graphene oxide (GO), and other methods. 10 Reduction of GO is the most widely used approach. 9, 10 The aforementioned characteristics and bulk synthesis of graphene sheets make them suitable for the energy storage applications. Graphene has already shown potential for the capacitive charge storage, but its charge storage capacity (o200 F g À1 ) alone may not be sufficient to meet the future growing energy storage demands. 2, 11 Electrochemically active organic materials functionalized on conductive two-dimensional (2D) graphene sheets may lead to high energy and power density pseudocapacitive electrodes. Moreover, the functionalization of redox-active organic materials on 2D graphene sheets may lead to a unique electrode architecture with required conductivity of the individual organic molecules, which will minimize the diffusion path lengths and may inhibit the aggregation of the graphene sheets and organic molecules, resulting in high capacitance and long cycle life electrodes. The functionalization of graphene can be performed either by covalent or by noncovalent routes. 12, 13 Covalent functionalization on graphene sheets has been reported by various approaches such as diazonium and click chemistry, hydrogenation, acylation, and Diels-Alder reactions. 12 Although, they provide a strong bonding between graphene and organic molecules, most covalent functionalization methods decrease the conductivity of graphene and some of them involve tedious synthesis protocols, which also add extra cost. 12 In contrast, noncovalent functionalization by organic materials is facile and does not significantly alter the p-conjugated system of graphene, and thus its high electronic conductivity remains preserved, which is essential for the electrochemical applications. 9, 10, 12 Conducting polymers like polypyrrole and polyaniline are by far the most explored organic polymers which have been integrated on various conductive substrates for energy storage applications. [14] [15] [16] Despite their integration on conducting substrates, they suffer from the inherent challenge of swelling due to ion doping/undoping during the charge/discharge processes, which leads to their structural degradation. 14, 16, 17 Thus, electrochemically active organic materials with fast reversible redox reactions having a high energy density and a longer cycling lifespan need to be explored for sustainable energy storage applications. Quinones-a class of molecules similar to molecules that store energy in living systems-have shown promise, offering high rate performance and good cyclability when combined with the carbon substrates. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] Indeed, the use of p-aromatic redoxactive organic materials instead of redox-active metal oxides may represent a new and promising direction for sustainable energy storage at a relatively low cost. 28, 29 The combination of quinones with carbon is a safe, naturally abundant, relatively inexpensive and environmentally benign option for energy storage applications, where the former enables a fast and reversible 2e À /2H + redox reaction and the latter provides a conductive support to hamper the degradation of quinones upon cycling. 30 With a variety of quinone structures available (Table 1) , the challenge is to identify the ones showing the best performance in terms of adhesion to conductive carbon, redox capacitance and longterm stability. Herein, we report 2,5-dimethoxy-1,4-benzoquinone (DMQ) as a novel organic pseudocapacitive active material for supercapacitors. It has only been recently used in batteries in its poorly conducting pristine form, 31, 32 but its potential for supercapacitors has not been explored in any form. Here, one-step hydrothermal synthesis yielded a hydrogel composed of DMQ and reduced graphene oxide (rGO) (DMQ@rGO). The optimized 50 mm thick freestanding binder-free electrodes, which were produced by rolling the dry xerogel, exhibited capacitance in excess of 600 F g À1 and an excellent capacitance retention of 99% after 25 000 charge/discharge cycles at 50 mV s À1 in the 0.9 V voltage window. Furthermore, density functional theory (DFT) calculations were used to understand the charge storage mechanism, adsorption orientations and binding interactions of DMQ with the graphene surface, which provide insight into the high capacitance and long cycle life of the tested organic molecules. 
Experimental section
Graphene oxide (GO) was synthesized using a modified Hummers method. 33 A single-step noncovalent functionalization of DMQ was performed using a hydrothermal method. To synthesize a DMQ@rGO (1 : 1) composite, a mixture of equal weights of the asreceived DMQ (Sigma-Aldrich) and GO suspension (1 mg ml À1 ) was sonicated for up to 30 min, and then transferred to a Teflonlined autoclave and heated for 16 h at 160 1C. The autoclave was cooled to obtain the DMQ@rGO hydrogel, which was dried at room temperature to get a xerogel. For comparison, gel electrodes composed of hydroquinone integrated on rGO sheets (HQ@rGO) were also synthesized under the same experimental conditions. A series of DMQ@rGO and HQ@rGO gels were prepared by varying the weight percentages of DMQ or HQ to GO and were labeled according to their initial weight ratios. For example, DMQ@rGO (1 : 1) represents the sample which has equal starting weight ratios of DMQ and GO before the hydrothermal reaction. In order to make binder-free DMQ@rGO electrodes, the xerogel was cut into slices and rolled using a roller mill to obtain a B50 mm thick film giving a mass loading of B3 mg cm
À2
. The density of the rolled film was 1.2 g cm
À3
.
The characterization of the xerogel morphology was performed using scanning electron microscopy (SEM) (Zeiss Supra 50VP, Germany) and transmission electron microscopy (TEM) (JEOL JEM-2100, Japan) at an accelerating voltage of 200 kV. TEM samples were prepared by sonicating the xerogel in ethanol and then adding 1-2 drops on a lacey carbon coated copper grid for imaging. The Fourier-transform infrared (FTIR) spectra were measured using an FTIR spectrometer (Perkin-Elmer) with a resolution of 4 cm
À1
. The Raman spectra were recorded using a Renishaw inVia spectrometer (632 nm laser; 10% laser power). Nitrogen sorption experiments were performed on a Quadrasorb gas sorption instrument (Quantachrome, USA) at À196 1C. The pore size distributions (PSDs) were calculated using quenchsolid density functional theory by assuming a slit-shaped pore geometry, whereas the total pore volumes were calculated at P/P 0 = 0.99, similar to our previous studies. 11, 15 Cyclic voltammetry (CV), galvanostatic charging/discharging potential limiting (GCPL), and electrochemical impedance spectroscopy (EIS) were used (VMP3 potentiostat, Biologic, France) to assess the charge storage capability of the as-prepared materials using a three-electrode setup in which the binder-free DMQ@rGO or HQ@rGO film served as a working electrode, over-capacitive activated carbon (YP-50, Kuraray, Japan) as a counter electrode (B100 mm) and Ag/AgCl as a reference electrode. An acidic electrolyte (1 M H 2 SO 4 ) was chosen due to its high conductivity and because it promotes surface redox reactions of organic molecules with quinone functionality. 7, [27] [28] [29] Capacitance values were calculated similar to our previous reports. 34, 35 First-principle calculations were performed using the VASP code, based on DFT. [36] [37] [38] The exchange-correlation energy was calculated using the Perdew-Burke-Ernzerhof (PBE) functional based on general gradient approximation (GGA). 39 The effect of van der Waals interactions was estimated, implemented in the optimized exchange van der Waals functional B86b of the Becke (optB86b vdW) functional. 40, 41 We used a plane wave cutoff of 400 eV. The structure optimization was carried out by relaxing the forces on all the atoms until a 0.03 eV Å À1 force tolerance was achieved. The Brillouin zone was sampled using a 2 Â 2 Â 1 Monkhorst mesh in structure relaxation, a 4 Â 4 Â 1 Monkhorst mesh in energy computations and a 9 Â 9 Â 1 Monkhorst mesh in density of states (DOS) computations. 42 To model the DMQ@rGO or HQ@rGO systems, we considered the composites of DMQ or HQ adsorbed on graphene in different orientations, namely parallel (P-I or P-II) or vertical (V-I, V-II or V-III) to the surface of graphene. Here, P-I is a stacked site and P-II is a hollow site. We used a 7 Â 7 Â 1 periodic supercell of graphene for our calculations and set the translation vector along the z direction as 25 Å with sufficient vacuum to ensure that no interaction occurred between the adjacent molecules. The structure drawing and charge density visualization were generated using VESTA. 43 
Results and discussion
Fig. 1 displays our hydrothermal synthesis procedure, which was chosen because it is facile, economical, and offers gram-scale synthesis of the materials under laboratory conditions. 11,34 Selfassembled DMQ containing the rGO hydrogel was formed due to the hydrophobic character and p-p stacking interactions of rGO sheets (Fig. 1) . 44 It has also been shown that defects and oxygen functionalities lead to strong adsorption of quinones on graphene. 13 DMQ in the composite performed multiple functions:
(1) it served as a spacer to avoid sheet aggregation, thus providing channels for ion transport, and (2) it offered redox-active functionalities for reversible faradaic processes, which are expected to give high capacitance and energy density. The SEM images of the DMQ@rGO (1 : 1) composite ( Fig. 2a and b) show a uniform, 3D interconnected porous architecture with pore sizes ranging from sub-micrometers to several micrometers. This open structured composite network with apparent conductive stacked thin pore walls (Fig. 2b ) may provide better accessibility to the electrolyte ions from both sides of the sheets, for rapid charge transport throughout the composite film. These characteristics are favorable for an energy storage material. The TEM images ( Fig. 2c and d) further display a uniform coverage of the rGO sheets by DMQ without any apparent agglomeration. The integration of the redox active DMQ on conductive rGO sheets with an intriguing 3D hierarchical architecture provides a decent starting material from an electrode architecture point of view for high-energy storage. FTIR spectroscopy further confirmed the incorporation of DMQ after hydrothermal treatment (Fig. 2e) were also distinguished at 1031 cm À1 and 2933 cm
À1
. A broad band due to O-H vibrations appeared at around 3500 cm
. More importantly, the complete vanishing of the peak at 1717 cm À1 corresponding to C-O implies that oxygen-based functional groups of pristine GO were reduced during the hydrothermal process, consistent with our previous report.
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The Raman spectra (Fig. S1a, ESI †) of GO, rGO and DMQ@rGO (1 : 1) exhibited shifted D and G bands of graphitic carbon at 1332 and 1601 cm À1 , respectively. After hydrothermal reduction and the incorporation of DMQ, the D band intensity decreased and the G band appeared to be more intense in the DMQ@rGO (1 : 1) spectrum with the corresponding I D /I G value of 0.94, which may indicate improved graphitic domains or just an overlap with CQC vibrations in the spectrum of quinone. 45 The adsorptiondesorption isotherms, pore size distributions (insets, Fig. S2 , ESI †) and specific surface areas (SSAs) were determined by nitrogen sorption experiments (Fig. S2, ESI †) . The SSAs for pristine rGO and DMQ@rGO (1 : 1) were found to be 344 and 43 m 2 g À1 , respectively. The sharp decline in the SSA was most likely due to the coverage of rGO sheets with DMQ molecules during the hydrothermal reaction. These findings were further corroborated by the PSD analysis (Fig. S2, ESI † insets) , where all meso-(3.38 nm) and micropores (1.68 nm) of the rGO surface appeared to be occupied by the DMQ molecules, confirming high mass loading of the pseudocapacitive DMQ molecules on conductive rGO sheets.
The CV curves of the binder-free rolled DMQ@rGO (1 : 1) film (Fig. 3a) at sweep rates from 5 to 100 mV s À1 exhibited broad oxidation and reduction peaks, which were assigned to the proton-coupled electron transfer reactions of DMQ (Fig. 1) . The flat ends of the CV curves are attributed to the double layer capacitive contribution from rGO sheets. The shape of CV curves further suggests that DMQ is highly electrochemically active with rapid electron transfer kinetics in the DMQ@rGO composite and Fig. 1 Schematic presentation of the synthesis of a redox active xerogel. The gel was directly rolled into a film and used as an electrode. Below in the figure is a demonstration of the interactions and the redox charge storage mechanism of the DMQ@rGO material. adds faradaic capacitance to the total capacitance. Excellent reversibility of DMQ's redox reactions is obvious from the stable CV curves at scan rates of 80 and 100 mV s
À1
, providing electrochemical evidence about the robust integration of the DMQ molecules on conductive rGO sheets. However, the contribution of pseudocapacitance decreases with an increasing scan rate, leading to smaller redox humps at high rates (Fig. S1b, ESI †) , consistent with other pseudocapacitive materials. 3, 16, 46 To examine the composition-dependent charge storage capability, the CV curve of DMQ@rGO (1 : 1) was compared with that of HQ@rGO (1 : 1) and pristine rGO electrodes at 100 mV s À1 (Fig. 3b) . The CV curve of rGO electrodes showed a redox behavior due to the presence of stable oxygen functionalities on the rGO sheets. The CV curve of HQ@rGO (1 : 1) exhibited pronounced redox peaks centered at 0.3 and 0.4 V due to the proton coupled electron exchange of carbonyl moieties. 28, 29 In contrast, DMQ@rGO
(1 : 1) electrodes displayed an expanded CV curve compared to HQ@rGO (1 : 1) and pristine rGO electrodes. Furthermore, the area under the curve of the DMQ@rGO (1 : 1) electrode is almost 4 times larger than that of the rGO electrode, which qualitatively indicates a higher capacitance of the DMQ@rGO (1 : 1) electrode. The stable and reversible CV curve of DMQcontaining electrodes even at high scan rates may stem from the rapid charge percolation due to the improved conductivity, 3D hierarchical network, and short diffusion paths within DMQ@rGO (1 : 1) electrodes. The GCPL curves (Fig. 3c) of DMQ@rGO (1 : 1) at 7, 10, 13, 15, and 20 A g À1 corroborated the synergistic interactions of the DMQ and rGO sheets. In contrast to the purely capacitive electrodes, 1,34,47 GCPL curves exhibited different slopes between 0.9 to 0.6 and 0.6 to 0 V, where the former is representative of the double layer contribution and the latter is ascribed to the combined double layer and faradic contributions of DMQ@rGO. The conductivity and ionic transport of the tested DMQ@rGO (1 : 1) electrodes were further probed via EIS. The negligible semi-circle in the Nyquist plot (Fig. 3d) of DMQ@rGO (1 : 1) was ascribed to low interfacial charge transfer resistance, which confirmed the high conductivity of the rGO sheets after DMQ loading. Compared to pristine rGO electrodes, DMQ@rGO (1 : 1) exhibited a stronger deviation from the vertical line in the lowfrequency region indicating a slightly higher Warburg length/ resistance, 48 which may stem from the presence of pseudocapacitive DMQ between graphene sheets. To demonstrate the effect of DMQ loading on capacitance, a comparative study was conducted by synthesizing various DMQ@rGO compositions and the results were also compared with those of HQ@rGO (1 : 1) and pristine rGO electrodes. A strong dependence between the initial DMQ weight ratios in the composite and the capacitance was observed. Fig. 3e shows the effect of varying DMQ concentrations on both the capacitance and rate capability of the electrodes at sweep rates between 5 and 100 mV s À1 in the voltage range of 0-0.9 V. Regardless of the initial weight of DMQ in the composite, all DMQ-containing electrodes yielded higher capacitance values compared to pristine rGO and HQ@rGO (1 : 1) electrodes. Systematically, we first used GO twice the amount of DMQ (2 : 1) during the hydrothermal reaction to examine the electrochemical activity of the DMQ on rGO sheets. Interestingly, we perceived three times higher capacitance (480 F g À1 ) compared to pristine rGO electrodes (160 F g
) at the same scan rate of 5 mV s
. By equalizing the weights of DMQ and GO (1 : 1), a maximum capacitance of 650 F g À1 was achieved at 5 mV s À1 (Fig. 3e and Fig. S1b, ESI †) . This capacitance is 4 times that of pristine rGO electrodes and 2.6 times higher than HQ@rGO (1 : 1) electrodes. Furthermore, DMQ@rGO (1 : 1) electrodes yielded a good packing density of 1.2 g cm À3 , which led to an excellent volumetric capacitance of 780 F cm À3 (Fig. S1c, ESI †) , which is more than three times higher than the activated carbon electrodes and almost two times higher than the highest reported volumetric capacitances of graphene and graphene/carbon nanotube composites. 49, 50 A sharp decline in capacitance (335 F g À1 at 5 mV s À1 ) was observed when the weight ratio of DMQ and rGO was 2 : 1 prior to the hydrothermal treatment. The decline in capacitance upon using a high initial concentration of DMQ is most likely due to longer diffusion pathways, higher electrode resistance, and the formation of aggregates of poorly conducting DMQ. Nevertheless, our comparative investigation reveals that DMQ@rGO (1 : 1) electrodes yielded high capacitance and a better rate handling at all the tested sweep rates. When compared with the previous literature on quinone/carbon composites, the capacitance values of DMQ@rGO (1 : 1) were much higher than several previously reported quinone-containing pseudocapacitive electrodes, [18] [19] [20] [21] [22] [23] [24] [25] such as, anthraquinone, [18] [19] [20] catechol, 21 9,10-phenanthrenequinones, 22 1,4,9,10-anthracenetetraone, 24 1,4-naphthoquinone, 23 4,5-pyrenedione, 23 chloroanthraquinone, 25 and p-benzoquinone.
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More information is provided in Table 1 . Of course, further optimization of the electrode composition can be conducted in the future. The high capacitance of the DMQ@rGO (1 : 1) electrodes is due to synergistic contributions of both DMQ and rGO. For instance, quinone-based molecules generally form radical anions during the redox processes, which tend to decompose through dimerization, disproportionation, and/or reactions with the solvent molecules. However, unlike other quinone structures, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] DMQ's molecular skeleton is highly stable due to the presence of the methoxy groups at 2,5-positions of the quinone ring, which serve as protecting groups. 32 This substituent steric effect stabilizes the radical anions of the DMQ molecules on conductive rGO sheets, thus, leading to stable CVs at high scan rates ( Fig. 3a and b) , high capacitance ( Fig. 3e and Fig. S1c , ESI †) and long cycle lifes (Fig. 3f) . In addition, the electrochemical activity of methoxy groups is also known. 52 The presence of the methoxy groups at 2,5-positions of DMQ also most likely contributed to the total capacitance of the composite. Furthermore, DFT calculations have shown that the spin density of the DMQ radical anions is widely distributed over the molecules, which suppresses the parasitic reactions of the radical anions with the solution and stabilizes the DMQ molecule during charge/ discharge processes. 32 The other factors which assisted in improving the electrochemical performance are the interconnected porous architecture and high conductivity of rGO sheets, which allowed electrolyte ions to penetrate from both sides of the sheets and are less prone to blocking the pores compared to high surface area disordered carbons. 21, 25 Our results reveal that the right selection of both the substrate and the electrochemically stable electroactive molecules is crucial to achieve the high energy and power density pseudocapacitive electrodes. Low conductivity and degradation of the organic molecules during cycling often lead to poor cyclability, which remains the key problem for the electrochemically active organic materials, limiting their implementation in commercial devices. Table 1 summarizes and compares the cycling performance of DMQ@rGO (1 : 1) electrodes with various quinone molecules-containing composites with different types of carbons. No matter what type of carbon was used as a substrate, all composites showed a decline in capacitance after moderate cycling. Fig. 3f shows that our DMQ@rGO (1 : 1) exhibited negligible capacitance loss after 25 000 cycles at a scan rate of 50 mV s
À1
, outperforming previously reported quinones or conducting polymers containing electrodes (Table 1) . 14, [18] [19] [20] [21] [22] [23] [24] [25] The excellent capacitance retention of the DMQ@rGO (1 : 1) electrodes may be ascribed to: (1) the 3D hierarchical architecture of homogeneously dispersed DMQ on graphene that provided continuous conductive pathways for the rapid redox reactions (Fig. 2a-d) . Furthermore, DMQ also served as a spacer to minimize the rGO sheet aggregation and probably decreased electrode expansion/contraction during charging/discharging (a dilatometric study is needed to confirm this assumption), 59 (2) strong p-p interactions between DMQ molecules with the basal plane of the conductive rGO sheets enhanced the electronic percolation during charge/discharge processes, which remained favorable for capacitance retention, 13,23 (3) peripheral methoxy groups present at 2,5-positions of DMQ protected the carbonyl radical intermediate of DMQ, which shielded DMQ from degradation upon cycling, 32 and (4) rGO sheets in the composite significantly enhanced the mechanical stability and conductivity, which ensured continuous electronic channels for stable electrochemical performance. Thus, DMQ@rGO has shown promise as a pseudocapacitive material having high capacitance and excellent cyclability. We used DFT calculations to further probe the charge storage mechanism, including the preferred adsorption orientations of the quinone derivatives on the graphene sheets and analyzed the role of density of states in the charge storage mechanism. We first calculated the binding energies in various orientations to understand the adsorption of organic molecules (DMQ and HQ) on graphene sheets during charge storage (Fig. 4) . The calculated binding energies are defined as follows and listed in Table 2 .
here, E graphene+molecule is the total energy of graphene with adsorbed DMQ or HQ, E graphene is the total energy of graphene, and E molecule is the total energy of DMQ or HQ. From binding energy calculations (Table 2) , we conclude that the most stable adsorption orientation is when DMQ and HQ molecules are parallel to the surface of graphene in stacked sites, with the As a next step, we attempted to figure out the origin of the larger interaction for DMQ molecules on the graphene surface. To accomplish this task, we calculated the charge density differences of the two most stable configurations (Fig. 5) . It could be seen that there is a larger charge re-distribution on graphene caused by DMQ. Furthermore, there are more negative and positive centers on DMQ due to oxygen atoms and methoxy groups of DMQ, as shown in Fig. 5 , which could lead to a larger electrostatic interaction between DMQ and graphene. This further supports that, in addition to carbonyl moieties, methoxy groups of DMQ also contribute in the electrochemical process. Moreover, the greater charge distribution of DMQ molecules on graphene sheets may have suppressed parasitic reactions during charge/discharge, and provided high capacitance and excellent cycling performance. Therefore, our theoretical results confirmed that DMQ offered strong adhesion to the graphene surface with a greater charge redistribution, which resulted in a longer cycle life.
In addition, the total density of states (DOS) for pristine graphene, DMQ@graphene and HQ@graphene as well as partial density of states (PDOS) for 'O' in carbonyl groups on DMQ@graphene and HQ@graphene was calculated, (Fig. 6) . As for the total DOS, there are extra peaks above the Fermi level after adsorption by DMQ or HQ. These empty bands will provide more capacitance to store charges. According to PDOS for 'O' (Fig. 6 ) these extra peaks above the Fermi level are contributed by O-2p orbitals in carbonyl groups. This suggests that the pseudocapacitance mainly originates from the carbonyl groups of composites, consistent with the proposed mechanism (Fig. 1). 
Conclusions
In conclusion, noncovalent functionalization of a novel electrochemically active organic molecule 2,5-dimethoxy-1,4-benzoquinone on graphene produced a redox-active xerogel which exhibited high capacitance and excellent cycling performance. was observed. Using DFT calculations, we further elucidated that the charge storage mechanism was p-p stacking interactions, where DMQ offered the highest binding energies on graphene (À1.36 eV), much higher than its counterpart, HQ (À1.01 eV). Moreover, we observed that DMQ exhibited a large charge distribution on the graphene surface due to the presence of methoxy groups, which hampered the parasitic reactions of DMQ and led to a long cycle life. Our combined experimental and theoretical results further suggest that the appropriate selection of the conductive substrate, electrode architecture and electrochemically active organic molecules are important parameters to achieve high capacitance and long cycle life electrodes in future. For instance, molecules like DMQ, which are stable due to the steric hindering effect of the methoxy groups present at 2,5-positions, may become a viable option for commercial supercapacitor applications.
